interpretation of the intent and setting of the study. When this is considered, conditional scaling factors can help to better understand which influences control the intensification of rainfall with temperature on a regional scale.
Introduction
Hydro-meteorological hazards induced by extreme precipitation pose considerable risk to communities. Thus, statements on possible changes of extreme precipitation are delicate information for politicians, urban planners, farmers, and others who need to manage the risk from climate and weather extremes. However, knowledge gaps exist especially on regional to local scales due to the complex precipitation generating processes, the high natural variability of rainfall, and because data are often not available in sufficient resolution, length, or quality (Alexander 2016; Prein and Gobiet 2016; Contractor et al. 2015) .
In recent years, an increasing number of studies has built on the physically based expectation that extreme precipitation intensity changes with temperature following the Clausius-Clapeyron (CC) equation, which describes the water holding capacity of the atmosphere. Thus, an increase in rainfall intensity of 6-7%/°C -1 (CC-rate) is expected, given constant relative humidity. The concept and recent developments have been reviewed by Westra et al. (2014) and O'Gorman (2015) . Three major aspects can be summarized.
First, convective extreme precipitation intensities at subdaily scales have been found to increase at rates up to about double the CC-rate in both observations and models over the mid-latitudes, whereas intensities on the daily scale Abstract Potential increases in extreme rainfall induced hazards in a warming climate have motivated studies to link precipitation intensities to temperature. Increases exceeding the Clausius-Clapeyron (CC) rate of 6-7%/°C -1 are seen in short-duration, convective, high-percentile rainfall at mid latitudes, but the rates of change cease or revert at regionally variable threshold temperatures due to moisture limitations. It is unclear, however, what these findings mean in term of the actual risk of extreme precipitation on a regional to local scale. When conditioning precipitation intensities on local temperatures, key influences on the scaling relationship such as from the annual cycle and regional weather patterns need better understanding. Here we analyze these influences, using sub-hourly to daily precipitation data from a dense network of 189 stations in south-eastern Austria. We find that the temperature sensitivities in the mountainous western region are lower than in the eastern lowlands. This is due to the different weather patterns that cause extreme precipitation in these regions. Sub-hourly and hourly intensities intensify at super-CC and CC-rates, respectively, up to temperatures of about 17 °C. However, we also find that, because of the regional and seasonal variability of the precipitation intensities, a smaller scaling factor can imply a larger absolute change in intensity. Our insights underline that temperature precipitation scaling requires careful and those associated with stratiform precipitation mostly increase at approximately the CC-rate (Ivancic and Shaw 2016; Ban et al. 2015; Lenderink and van Meijgaard 2009; Haerter and Berg 2009) . The high scaling rates have been attributed to both a shift from stratiform to convective precipitation, and an intensification of the convective process itself (Moseley et al. 2016; Attema et al. 2014; Loriaux et al. 2013; .
Second, a decline or reversal of extreme intensities takes place at regionally varying threshold temperatures when the environmental conditions shift from a moist to dry regime and suppress a further intensification of rainfall (Prein et al. 2017; Chan et al. 2016; .
Third, connecting local temperature-precipitation relationships to global warming is controversial (IPCC 2013, p. 626) and the available studies differ in scope. Some analyze a single rain gauge (Formayer and Fritz 2016) , others assess regional (e.g., Molnar et al. 2015; , or global station networks (e.g., Wang et al. 2017; O'Gorman 2015) . Zhang et al. (2017) differentiate studies that detect long-term trends in precipitation intensities with global warming (e.g., Barbero et al. 2017) , and studies that establish regional scaling relationships based on conditional quantiles (e.g., . In the first case, thermodynamic effects and the Earth's energy budget are considered to be the dominant factors. In the latter, the variable dynamic conditions throughout the annual cycle become increasingly influential. Furthermore, the cooling effect of precipitation on local temperatures might significantly influence the scaling rates especially for larger-scale precipitation events (Bao et al. 2017 ).
Here we analyze the variability of the temperature precipitation relationship at the regional to local scale, deliberately considering how the annual cycle and weather systems affect the sensitivity of the statistical scaling factors on the sub-hourly, the hourly and the daily scale. Thus the aim of this study is not to analyze trends in rainfall extremes, but to gain deeper insight into the controls of the spatio-temporal variability of scaling factors on a regional level and to address the implications for interpreting the results. We use sub-hourly rainfall data from a very dense regional station network over south-eastern Austria, filling a gap between the aforementioned single station studies and considerably sparser station networks on national scales.
The study region presents an interesting setting from both a climatological and a socio-economic viewpoint. The geographic location transitions from high Alpine terrain in the north-west of the region to lower-elevation forelands in the south-east, where a strong warming trend with a substantial increase in heat days has been observed over the last decades (Kabas et al. 2011) . Moisture advection from the Mediterranean Sea and orographic lifting provide essential ingredients for extreme precipitation events on the southern Alpine slopes (Cassola et al. 2016; Panziera et al. 2015; Schicker et al. 2010; Sodemann and Zubler 2010) and lows over the Mediterranean moving northeastward ('Vb'-cyclone tracks) regularly result in excessive rain and large-scale flooding in the southern and south-eastern Alpine region (Volosciuk et al. 2016; Messmer et al. 2015; Hofstaetter and Chimani 2012) .
Furthermore, small-scale flash flooding caused by local, short-term extremely intense convective rainfall has destroyed human livelihood in the past, where for the most destructive events, rainfall depths of 100-600 mm have been reconstructed (hydroConsult GmbH 2011; Schocklitsch 1914; Forchheimer 1913) . One of the top three Central European one-day precipitation records occurred here (Munzar et al. 2011 ). The area is densely populated and the terrain favors debris flows and landslides. The local agriculture with vineyard and fruit cultivation is vulnerable to short-term extreme precipitation and hailstorms especially during the summer half year.
We assess the temperature sensitivity of the maximum (10-min) peak and maximum hourly rainfall intensity within observed rainfall events, as well as daily rainfall sums during the summer half year (April to October). The questions we strive to answer here are: (1) Which factors control the spatial and temporal variability seen in the temperature sensitivities on a regional scale? (2) How applicable and useful is the scaling approach on the regional to local scale considering regional climate variability? (3) What do scaling factors tell us about changes in absolute rainfall intensities?
The paper is structured as follows. The data and methods used are described in Sects. 2 and 3, respectively. We report and discuss the spatial, seasonal, and storm-type variability of scaling factors in Sects. 4.1 and 4.2, and link them to actual rainfall amounts in Sect. 4.3 to assess how the temperature sensitivities can be interpreted from a regional to local impact scale perspective. Concluding arguments are given in Sect. 5.
Data
Our study area comprises the south-eastern Alpine foreland region of Austria south of the main Alpine ridge (Fig. 1) . Southerly flow and weak gradient situations with convective precipitation during the summer months are the dominant patterns associated with extreme daily precipitation sums in the eastern part. In the southern-and westernmost part, the heaviest precipitation days occur during "Southern Stau" situations and peak in October (Seibert et al. 2006) .
We use sub-daily precipitation data from 77 semi-automated weather stations of the Austrian meteorological service (ZAMG) and from 112 rain gauges provided by five provincial administrations of the Austrian hydrographic service (AHYD), both delivering 0.1 mm resolution in rainfall amount. This yields a total number of 189 stations, with record lengths from 1 to 58 years (median: 14 years), ending November 2014. The mean distance to the nearest neighboring station is ∼6 km. 1-5 min aggregated precipitation at AHYD stations was summed up to match the 10 minute aggregated precipitation reported at ZAMG stations. The data are cut to our focus season defined as the period from 1st April to 31st October.
The average amount of missing data is 1.4%, with 15 stations reporting a higher fraction of over 15%. These 15 stations are not excluded from the analysis, because they are amongst the stations with the longest records (20 years on average) and a detailed inspection showed that periods of missing data are due to long coherent out-of-service periods. As no time series or trend analysis is done in this study, we decided to use all existing information on plausible events. Since previous quality control of the data varied with the provider, all station series were doublechecked for data gaps and inconsistencies.
Extreme outliers (events exceeding the 99.95th percentile) were analyzed case-by-case and only removed from the statistical analysis if they could not be justified to be physically plausible. For this, we analyzed the rainfall records at the station where the event was recorded and at the five closest neighboring stations from 12 h before until 12 h after the event. We checked the records for suspicious values (e.g., 99 and similar, several identical values in a row, sudden breaks), and in addition investigated weather review reports issued by the ZAMG documenting exceptional rainfall events, and hydrographical year books issued by the Austrian Federal Ministry of Agriculture, Forestry, Environment and Water Management, which contain dates and record rainfall amounts, water levels and runoff at AHYD gauges. As a result, 41 out of 153 outlier events were excluded from the sample.
Because temperature measurements are not available for every precipitation station, the daily average and maximum temperature of the days of and preceding a precipitation event were interpolated for all station locations from the high quality 1 × 1 km SPARTACUS (Hiebl and Frei 2016) and INCA (Haiden et al. 2010 ) gridded temperature data products (INCA to extend the SPARTACUS dataset from 2011 to 2014). We used inverse distance-weighted horizontal interpolation and a standard vertical temperature lapse rate (−6.5 K/km). Single station temperature time series used for validation showed very good agreement of the interpolated and directly observed temperatures, confirming the adequacy of this approach. and prevents double counting of dependent observations within the same storm. Note that this considers only the temporal dependence; if the same storm moves over more than one station, it repeatedly enters the sample.
We first define periods of continuous rainfall as rainfall events, where each dry interval separates two rainfall events. For each day, we save the number and duration of events, the total number of wet observations, the daily precipitation sum and rain rate (total sum divided by the number of wet observations). We consider only the highest 10-min amount as maximum peak intensity (MPI) and the highest hourly amount as maximum hour intensity (MHI). This way, we only pair each daily mean temperature once, while keeping the information on how concentrated or dispersed the total daily rainfall was distributed over the day.
In addition, we performed a circulation type classification (CTC) based on daily ERA-Interim data (1979 ( -2016 ( , Dee et al. 2011 ) over the Greater Alpine Region (40.5-51.57°N, 3.0-20.25°E), using the COST Action 733 CTC software (Philipp et al. 2016 ). We apply a principal component analysis and cluster analysis with 27 circulation types (CTs), which has been shown to perform best in explaining Alpine precipitation variability (Schiemann and Frei 2010 ). In addition to sea level pressure, we include data of convective available potential energy as indicator of atmospheric stability and seasonality, 700 hPa wind velocity to consider fast and slow moving systems, and 500 hPa geopotential.
Since we are primarily interested in summertime convective precipitation as well as in keeping samples large enough for robust statistical analyses, it is not expedient to continue with 27 CTs. Hence we classify each given day as either falling into a summer convective CT or not. This is done by visual inspection of the anomaly plots of the variables used, the frequency of occurrence, and precipitation anomalies of the CTs (using ZAMG GPARD-1 1 × 1 km daily gridded precipitation data over Austria, Hofstätter et al. 2015) .
Maximum hour and maximum peak intensities (MHI and MPI), as well as the daily precipitation sums (DPS) are paired with the daily mean temperature of the day of event onset (T mean ). Days with an average daily temperature below 5 °C were dismissed to exclude snow events. We alternatively calculated the temperature sensitivities for the daily rain rate, for the daily maximum temperature, as well as for the mean and maximum temperature of the day prior to event onset in order to exclude cooling due to the event itself, but the scaling results did not show significant differences to the results obtained from T mean . Similar low sensitivities against some variation in temperature choice were found by Lenderink and van Meijgaard (2009) and Lepore et al. (2015) .
We also calculated the scaling rates for dew point temperatures (dpT), as they are a more immediate indicator of the available moisture (Lenderink and Meijgaard 2010) , and compared them to the results for T mean . Data were only available for a reduced sample of ZAMG stations. The change rates for the 98th percentile were not significantly different for dpT as compared to T mean , while the moderate intensities showed higher dpT sensitivities.
We calculate the scaling factors that describe the percentage change in precipitation intensity per degree of daily mean temperature using quantile regression. In contrast to ordinary least squares regression, quantile regression estimates the influence of the independent variable on a selected conditional quantile of the dependent variable instead of just on the mean (see, e.g., McMillen 2012). Quantile regression thus gives a more comprehensive picture of the influence of temperature on the distribution of precipitation intensities. We fit the quantile regression model for each event sample of interest to the logarithmic precipitation as a function of mean temperature, similar to , where P is the event precipitation intensity (MHI, MPI, or DPS), q is the target quantile, and T the daily mean temperature of the event onset day. Based on the linear-slope regression coefficient q 1 obtained from this fit, the scaling factor (SF) as the rate of change of precipitation with temperature is then estimated as
The significance of a regression coefficient
, where q e is the quantile of interest (e.g., the 98th percentile), is estimated to be most robust and distinct if it not only deviates from zero with 95% confidence, but if the 95% confidence interval of , where q med is the median (50th percentile). The method is also more robust against outliers and allows a more straightforward reporting of the statistical uncertainties than the more common temperature binning approach (e.g., studies reviewed in Westra et al. 2014) .
Quantile regression is a linear method, and therefore nonlinearities in the data are not considered (which is also the case when a linear regression is fit to binned percentiles). However, in sensitivity tests, in which we cut off the data at different temperatures at the lower and higher ends of the temperature range, we found that the decrease of intensities at the highest temperatures primarily manifests itself in large uncertainty ranges in in these areas, while the overall scaling factor remains robust. This is due the smaller sample sizes at the highest temperatures. Thus, the uncertainty ranges deliver an important indicator of the robustness of the regression. To account for non-linearities in a more explicit 
Results and discussion
4.1 Spatial variability and regional patterns of scaling factors Figure 2 and Table 1 show the 98th percentile station event scaling factors (SFs) for maximum peak intensity (MPI), maximum hour intensity (MHI), the daily precipitation sum (DPS), and the average rain rate (mm/h, Table 1 only) of the entire event sample.
With an average SF of 12%/°C, the MPIs increase with daily mean temperature at rates that exceed the CC-rate and that are significantly higher than those for moderate intensities (50th percentile) at the majority of the stations. The MHIs increase closer to the CC-rate at 9% on average, but a spatial partition emerges with higher/lower SFs in the eastern/western part of the study region, respectively. The higher sensitivity of the 10 min peak intensity compared to the hourly peak intensity is robust throughout our analysis. This is interesting, because even though most studies see scaling rates increase when the time scales decrease from daily to sub-hourly resolution, findings on super-CC scaling on the sub-hourly scale have been inconclusive (Molnar et al. 2015 , and review by Westra et al. 2014) . The SFs of the DPS show a bipolar pattern with SFs around 3% in the eastern part and negative SFs around -10% in the western part.
We calculated the station SFs for each summer month individually, for the MPI, MHI, DPS, and rain rates (not separately shown). We find that the MPI sensitivities generally show the most consistent scaling at CC-to-super-CC rates throughout the year, especially in the eastern region. In the west, super-CC scaling prevails, but several stations show non-significant or even negative scaling especially in April and October. For the MHI, positive scaling at approximately the CC-rate is consistent in the east, whereas in the west, the picture is inconclusive. Here, negative SFs prevail in April, rise towards CC-rates in September for almost all stations, and become negative again in October at several stations. The bipolar pattern of the SFs of the DPS is consistent throughout the year, although the transition from negative to positive SFs is located farther west in April, May, and June.
The regional and seasonal patterns of SFs indicate that regional scale temperature sensitivity depends on weather patterns and the climatology of the region. The eastern part of the study region is located at lower elevations and the average daily mean temperatures are higher than in the mountainous and high Alpine western part throughout the year. Climatologically, the days of heaviest precipitation in the eastern region are predominantly convective and occur during July and August under weak-pressure-gradient synoptic situations. In the south western part, the heaviest precipitation days culminate in October during 'Southern Stau' conditions, when moist air masses from the Mediterranean are lifted at the Karavanks and Carnic Alps, often resulting in persistent and intense precipitation (Prettenthaler et al. 2010; Seibert et al. 2006) . This helps to explain the low and negative SFs in the south-western part of our study region, since in these situations, the moisture content of the advected air mass is driven by warm Mediterranean SSTs, while local temperatures are cooler especially in the fall season. In addition, the daily mean temperature during long and persistent rainfall events is likely to be more affected by the rainfall events itself than it is for short events (Bao et al. 2017) . The eastern part is largely shielded from 'Southern Stau' events, the highest extremes occur during shorter convective events during the warm summer months and are less affected by cooling effects due to the event itself, which can explain the higher SFs in this region.
It is apparent that despite the regional patterns, some neighboring stations show large differences in SFs. This underlines that deriving regional temperature sensitivities from a single station is problematic. Especially in mountainous regions, station altitude and temperature range could in part account for differences of scaling factors in nearby stations. However, in a simple linear regression analysis, we find no statistically significant influence of the station altitude on the SFs. We do find a weakly significant positive effect of the station temperature range on its MHI SF, explaining about 15% of the variability, but not on the MPI SF.
The spatial variability and pattern of scaling rates presented here are consistent with results from Molnar et al. (2015) , who, for 59 rain gauges over Switzerland, found that stations in pre-Alpine areas show higher SFs than high Alpine regions and valleys. The analysis of the considerably denser rain gauge network used here robustly confirms the influence of regional weather patterns on SF in a mountainous region.
Seasonal and storm type patterns of scaling factors
Climatological precipitation over the Alpine area generally reaches its maximum in the warmer summer/fall season and its minimum in the cold winter season (Frei and Schär 1998) . Scaling factors conditioned on the local absolute temperatures are therefore always governed by the annual cycle, and hence are of limited suitability to assess the effect of global warming on extreme precipitation intensities (see Zhang et al. 2017 for a more detailed discussion). Still, it is highly worthwhile to look at conditional SFs in order to quantify the extent to which the annual cycle and weather patterns govern the local temperature-scaling relationship and to assess under which temperature conditions intense rainfall is most likely to occur. The previous section showed that rainfall intensities and temperatures are not spatially independent, and pooling all stations over the study region conceals higher scaling rates particularly in the east (see Fig. 3 ). We thus separate the western and eastern parts of the study region by the 15°E meridian. The mixing effect over diverging temperature ranges might also play a role in mountain regions due to the substantial vertical temperature gradients. However, we do not further account for these effects here.
As displayed in Fig. 3 , MPIs show the highest scaling rates, ranging from 2-12%, with MHIs being 1-2% lower on average, while the DPS SFs are mostly negative. The MPI and MHI extreme intensities (98th percentile) increase faster with temperature than the moderate intensities (50th percentile) during May-September in the western region and during April-October in the eastern region. For the daily sums, the difference between the moderate and extreme daily sums is only significant in the eastern region. Here, the moderate daily sums decrease by 4-7%/°C, while the extreme daily sums only decrease at about 0-2%/°C.
Inspecting the distribution of rainfall events and temperature in the subsamples (not shown) helps to understand the variability driven by the differences in regional climatology as described above. A possible explanation for diverging scaling rates in moderate and extreme DPS is the concentrated nature of convective storms that dominate extreme precipitation in the east. When it rains on a hot summer day, it pours. The shorter and more concentrated a rainfall event, the less difference there is between the MPI, MHI, and the DPS. Hence, the DPS from extremely intense rainfall events do not decrease as significantly with temperature as the moderate DPS. in the western part, extreme DPS occur at cooler temperatures and events last longer. In addition, the rainfall sums are larger than in the east, and it is therefore harder to preserve high scaling rates (see Sect. 4.3 for discussion).
Furthermore, the MPI sensitivities are significantly lower in July and September. The analysis of the scatter plots of the underlying temperature-precipitation distributions in these months (not shown) indicate extremes that are higher and more evenly distributed over the temperature range than in other months. This is because the temperature range is shifted to the right and the extreme intensities decrease over the hottest temperatures. Moisture limitations might inhibit larger scaling factors at these temperatures (see Westra et al. 2014) , however, data on relative humidity are only available In addition to rainfall intensity, event duration is an important factor of the damage potential of extreme precipitation. Convective showers in the mid-latitudes are usually short and intense, whereas extreme stratiform precipitation events accumulate large sums at lower intensities over longer durations. Short events, however, occur frequently and under all weather conditions in our sample.
In order to assess whether the temperature sensitivity of summertime convective precipitation is different from other days, we separated those days from our sample that fall within a circulation type (CT) associated with convective conditions over the Alpine domain. Note that this is not a classification of the rainfall type in individual events, but of the large-scale synoptic situation over the Alps. In addition, the samples were conditioned on the total duration of non-zero rainfall (0.2-2, 2-5, 5-24 h), indicating the overall 'wetness' of the day when an event occurred. Figure 4 shows the results for the subsamples.
CC-to super-CC scaling is apparent on days with short rainfall events over the entire region. In the east, the SFs for MPI and DPS diverge in autumn, which is due to an increasing influence of events yielding high total sums at lower temperatures and rain rates. In the west, the proximity of MPI and DPS SFs indicate that both the daily sums and the peak intensities increase with temperature.
The convective CT sample isolates the hottest days during high summer. The temperature sensitivities during June, July, and August (JJA) are lower than for the other CTs. In the east region, daily mean temperatures reach up to 27 °C, while extreme rainfall intensities start to decline from ∼24 °C upwards. In September, the mean temperatures generally do not exceed ∼24 °C anymore and the higher SFs indicate a robust increase of extreme intensities in convective CTs. In the western region, daily mean temperatures in JJA rarely exceed ∼24 °C. Extreme rainfall intensities, however, start to decline already at ∼20 °C. This indicates that the reversal of extremes as described in, e.g., Prein et al. (2017) is location specific even on this regional scale.
On the wetter days in July, SFs during nonconvectiveCTs are only about 2-3%/°C. Again, the distribution of temperature and precipitation suggests that T mean in July rarely falls below 10 °C, and high precipitation intensities occur over the entire temperature range, decreasing at its high end, resulting in low SFs. This decrease of the highest intensities at the highest temperatures is less pronounced in June and September, and in addition, fewer extreme intensities are Fig. 4 Monthly scaling factors in the east and west region (upper and lower row, respectively) for the 98th percentile of maximum peak intensities (MPI, red), maximum hour intensities (MHI, yellow), and daily precipitation sums (DPS, blue) on days with a total maximum of two wet hours (left), 2-5 wet hours (middle), and 5-24 wet hours (right). SFs for days under summer convective synoptic conditions are shown separately (dashed lines, Jun-Sep). The shaded areas denote the 95% confidence interval of the SFs observed at cooler temperatures, which leads to a steeper increase and a higher SF. Further research on the synoptic patterns and atmospheric conditions that inhibit or foster the intensification of extreme intensities in the warmest summer months is needed to explain the differences in SFs.
How regional scaling factors relate to absolute rainfall intensities
Risk from extreme precipitation is either posed through high intensity rainfall over short times, causing sudden and small scale flash flooding, or through persistent precipitation leading to slower-onset but larger-scale flooding. We have shown that the temperature sensitivity of extreme precipitation, defined as the 98th percentile of event maximum intensities on the 10 minute, the hourly and the daily scale, vary with the station location, the time of the year, and the prevailing weather patterns. The magnitude of a scaling factor, however, does not provide any information on the magnitude of the actual rainfall intensity. Figure 5 shows four graphs of CC-and super-CC-rates for the MPI, MHI, and DPS 50th and 98th percentile, respectively. The graphs are initialized at the respective percentile value estimated for the 5-7 °C T mean bin. By means of the highest observed rainfall intensities over the study area, we illustrate how the scaling rates relate to absolute amounts of precipitation intensity.
Whether a scaling rate implies a high absolute change in rainfall intensity depends on the magnitudes of the scaling rate, the rainfall intensity, and the temperature. For the 98th percentile MPI, a CC-rate can be perpetuated up to daily mean temperatures above 30 °C before traversing the threshold of the current record rainfall amount. The same holds true for a super-CC rate in the case of the much smaller 50th percentile MPI.
This changes drastically when either the absolute rainfall intensities increase, or the scaling factor is higher. For example, super-CC scaling in MPI from our graph (Fig. 5, top) would imply record intensities beyond daily mean temperature of ∼16-17 °C. For scaling in the DPS (Fig. 5, bottom) , the threshold temperatures to reach the record are ∼16 °C for CC-and ∼8 °C for super-CC scaling, respectively. Furthermore, a low scaling factor in high rainfall intensities implies a larger absolute change than a high scaling factor in low rainfall intensities. Even though the scaling factors in the western region-or on days with long rainfall durations-are lower than they are in the eastern region-or on days with short rainfall events-, the extremes do significantly increase with temperature during the summer months. At around 20 °C, for example, a 4% increase in a long event MHI ∼50 mm) implies an additional 2 mm per degree; at the same time, an 8% increase in a short event MHI ∼20 mm) means an additional 1.6 mm per degree. That is, even though the MHI in longer and larger scale rainfall events scales lower, the flood risk might increase considerably if the event occurs in warmer temperature conditions.
Our findings also demonstrate that the change rate for a given percentile (e.g., 98th) should only be compared under consideration of the underlying temperature and precipitation data, because the actual percentile values may vary significantly, with major implications for the resulting scaling factor. Figure 6 shows a comparison of the actual 98th percentile values of rainfall intensity calculated for 2 °C bins containing at least 100 events. To visualize non-linear dependencies in the data and to get a better understanding how the SFs relate to the absolute rainfall intensities, we calculated the SFs for sub-samples using a 7 °C moving window over the range of daily mean temperatures. The window width of 7 °C yielded the most robust SFs when trading off the event sample size and a sufficiently large temperature spread over which the regression could be calculated. We find this approach more informative than splitting the event sample only once at the estimated threshold temperature at which the scaling turns from positive to negative .
The illustrations of Fig. 6 summarize the findings of the spatial and seasonal analysis of the scaling factors and their relation to absolute rainfall. The temperature sensitivities are highest for the MPI, lower for the MHI, and lowest for the DPS. The highest SFs are seen between about 10-15 °C, after which they start to decline.
The temperature sensitivity under summertime convective conditions is lower than on other days until approx. 20 °C. These convective days are characterized by warmer temperatures and overall higher extreme precipitation intensities. Extreme convective precipitation in the generally cooler western region occurs at lower local daily mean temperatures than in the eastern region.
Orographic enhancement of convection in mountainous regions is one reason for the strong intensities at lower temperatures occurring in the western region. This is supported by recent regional climate models, which show that global warming likely intensifies Alpine summer convective precipitation . Generally, SFs are lower and extreme percentiles are higher in the western region. The 98th percentile MPIs start to decrease around 24 and 20 °C in the eastern and western regions, respectively. However, the data on events at the highest ends of the temperature distributions are too sparse to calculate robust percentiles and SFs.
The peak intensities of small scale, short convective showers, which contribute the largest share of events in this high temperature range, might be underrepresented in the data due to the limited spatial coverage of the observation network (Kann et al. 2015; Jones 2014) , adding uncertainty to the analysis of the scaling relationship at these temperatures. It is likely that humidity constraints contribute to the inhibition of further intensification of the extreme intensities. Data on relative humidity, however, is only available for approx. one third of the stations and thus moisture conditions could not be robustly assessed. Data in the subsample for which humidity could be analyzed indicate lower relative humidity on days with the most extreme intensities as compared to days with moderate precipitation, pointing to a potential moisture limitation. However, further research is needed to test this assumption in our study region. Recent contributions to the literature by Loriaux et al. (2016a) and Loriaux et al. (2016b) demonstrate that considering relative humidity alone is not sufficient to explain the intensification of extreme precipitation. Through including atmospheric control factors such as large scale moisture convergence and atmospheric stability, they deliver valuable contributions to process understanding.
Summary and concluding remarks
We have analyzed the temperature sensitivities of extreme daily, hourly and sub-hourly (10-min) precipitation intensities of rainfall events over a dense network of 189 rain gauges in the south-eastern Alpine foreland region of Austria. Scaling factors conditioned on local temperatures require a different interpretation than scaling factors that assess the precipitation response to global warming, as seasonal weather patterns and the annual cycle outweigh the thermodynamic response. We looked at the spatial and seasonal patterns of the temperature sensitivities to assess these implications. Linking the scaling rates to actual changes in rainfall amounts enables new insights for the adequate interpretation of temperature sensitivity from an impact-perspective. We find several distinct aspects of scaling behavior over the study region.
First, the maximum 10-min peak intensities (MPI) significantly and strongly increase with temperature at super-CC rates at most of the stations, whereas peak hourly intensities (MHI) do so at weaker rates around the CC-rate, and daily precipitation sums (DPS) decrease with temperature.
Second, the temperature sensitivities are higher in the generally warmer eastern parts of the study region, where extreme precipitation is associated with short, convective rainfall events during summer and low gradient synoptic conditions with high shares of locally recycled moisture (Bisselink and Dolman 2008) . Extremes here rarely occur in cold temperature conditions. In contrast, the scaling factors in the western part of the study region are lower. Extreme precipitation occurs when Mediterranean moisture is advected and lifted at the southern slopes of the Alps. Thus the moisture is not locally sourced, and local temperatures might be less indicative of the sensitivity (Zhang et al. 2017) . Also, the cooling effect of large scale events might play a role here (Bao et al. 2017) , as well as the orographic amplification of precipitation and generally cooler temperatures in the Alpine environment.
Third, the temperature sensitivities are higher for short duration rainfall as compared to long duration events in both regions. This implies that the peak event intensities on the hourly and sub-hourly scale in long rainfall events increase slower with temperature than peak event intensities in short rainfall events. An explanation for these differences is again the variability of weather patterns, but this time within the respective regions. Further research on how the temperature sensitivities look like in different weather types, might thus reveal valuable insight into the dynamic controls of the temperature precipitation scaling on a regional to local scale.
The salient seasonal and spatial variability in the scaling factors that we found underlines the difficulty to compare scaling factors among different studies. The confrontation with actual rainfall amounts showed that the sample size and the magnitude of a specific percentile are crucial parameters of a given rainfall change rate.
From a risk assessment perspective, it is furthermore important to note that a statistically defined extreme event can deviate from what is considered an extreme event in practice. For example, high scaling factors at low daily mean temperatures do not necessarily imply large absolute changes in precipitation intensity, while even moderate scaling factors at high temperatures may have substantial consequences in terms of accumulated rainfall.
It is often justifiably argued that the local temperature is not an appropriate choice for temperature precipitation scaling, since the moisture uptake often occurs in regions and at temperatures far away from the point of precipitation. Through taking into account these dynamic factors by isolating, e.g., weak gradient synoptic situations with mainly local moisture recycling from other events, regional temperature sensitivities can however deliver useful insights into how the thermodynamic and dynamic factors play together in controlling the change of precipitation intensities with temperature in specific seasons and regions.
